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ABSTRACT

The difficulties encountered in the derivation of surface radiation budget in arid regions are studied using
the surface and satellite data measured during the preliminary field experiment for the Land-Atmosphere
Interactions Experiment conducted at the Heihe River basin in western China. The surface radiation is derived
by coupling theoretical radiative transfer calculations with satellite cloud retrievals. Comparisons with the surface
measurements of solar and thermal IR fluxes show that a large error in the computed surface fluxes occurs in
some cases. The error is attributable to the lack of aerosol data, the uncertainty in cloud retrievals, and the time
difference between the surface and satellite measurements.

For cloud-free cases, the modeled downward solar fluxes are systematically larger than the measured fluxes,
The major cause of the error appears 10 be the failure to include aerosols in the calculations. The error is
particularly large in the afternoon hours when the ground temperature is very high (>50°C) and the atmosphere
dust content is large due to an unstable boundary layer. We find that the error can be reduced and that a good
agreement between the computed and measured surface solar fluxes can be obtained by using an aerosol single-
scattering albedo of 0.5 and an optical thickness of 0.2 in the afternoon hours. Nevertheless, the reason for
the strong absorption of solar radiation in the atmosphere remains unclear.

For all the cases studied when both surface and satellite data are available, the mean errors are 4.3 and —4.7
W m™2 for the net downward surface solar flux and the downward surface IR flux, respectively. The rms errors
are 17.4 and 22.1 W m™2 for the respective surface fluxes. The relatively large errors found in the cases with
small cloud amounts can be explained by the fact that aerosols are often misinterpreted as clouds in the cloud
retrievals,

Results of this study reemphasize the importance of aerosols in surface radiation calculations. Because the
diurnal variation of ground temperature is very large in the arid regions, reliable calculations of surface IR
radiation require high temporal resolution for temperature measurements. Aerosol and ground-temperature

retrievals from satellite data should be the highest priority in the computations of surface radiation budget over
arid regions.
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1. Introduction

The surface radiation is an important component
of the global energy budget and is a key to understand-
ing the dynamics of the earth’s climate. It has been
demonstrated in a number of investigations (e.g., Dar-
nell et al. 1988; Gautier et al. 1984; Gupta 1989; Justus
et al. 1986; Pinker and Laszlo 1990; Schmetz 1989)
that satellite measurements of reflected and emitted
radiation can provide useful information for deriving
the large-scale and long-term surface radiation budget.
The surface solar radiation can be derived directly from
the satellite measurement of radiation at the top of the
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atmosphere through an empirical relationship. It can
also be derived by using a radiative transfer model
based on known physics with satellite retrievals of
cloud, aerosol, and surface parameters. Because of the
uncertainty in the input data used in the radiative
transfer calculations, this approach is by no means
more accurate than the empirical approach. However,
the accuracy of surface radiation calculations can be
constantly improved as the quality of the data im-
proves and as we derive a better understanding of
physical processes that affect surface radiation.

The degree of difficulty in computing surface radia-
tion varies geographically. In arid and semiarid regions,
where the atmospheric dust loading is large, it is difficult
to unambiguously infer aerosols and clouds from sat-
ellite-measured radiances because both aerosols and
clouds have an effect of enhancing reflectivity. Fur-
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thermore, because the diurnal surface temperature
variation is large in arid regions, it requires frequent
input of surface temperature to compute the large
diurnal variation of surface IR radiation. Since arid
and semiarid regions cover a substantial area of the
earth, reliable methods for computing the energy bud-
gets in these regions are imperative to global climate
studies.

During the period 4-20 September 1988, a prelim-
inary field experiment for the Land-Atmosphere In-
teractions Experiment was conducted at the Heihe
River basin in arid western China. One objective of
the experiment was to gain improved understanding
of the water and heat budgets in the region and of the
role of land—atmosphere interactions on the boundary-
layer dynamics. In the preliminary field experiment,
the atmospheric temperature and humidity profiles and
the surface radiative fluxes were measured. These data,
together with the NOA4A4-9 Advanced Very High-Res-
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olution Radiometer (AVHRR ) radiances, are used in
this study to investigate the difficulties encountered in
surface radiation calculations. The results of this study
can serve as valuable information for further improving
radiative transfer models and remote-sensing algo-
rithms. This study can also provide guidance in deter-
mining the requirements of future surface and satellite
measurements.

2. Surface and satellite measurements

The region of the Land-Atmosphere Interactions
Experiment is located in the Heihe River basin (see
Fig. 1) with an area of 70 X 90 km? (38°40'-39°40'N,
99°31’'-101°00E). It is in a temperate, arid climate
zone. The mean annual precipitation is ~125 mm.
The months from April to September account for 85%—
90% of the total precipitation. In the spring, persistent
wind and desert storms frequently occur. The average
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FIG. 1. A general view of the experimental site. The Huayin experimental site is 4-5 km south
of Linze.
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elevation of the region is about 1.5 km above the sea
level. North of the region is the Gobi Desert, which is
one of the most important sources for dust particles in
the world. South of this area is the Qilian Mountain
range (3 km in average elevation above sea level),
topped with glaciers. Melting glaciers feed water to the
Heihe River, which is an inland river.

The observaticnal network in the basin consists of
a number of meteorological stations and experimental
sites. The surface radiative fluxes measured at the Hu-
ayin experimental site (39°09'N, 100°06 'E) are used
in this study to validate the surface radiation calcula-
tions. The experimental site is flat, consisting of gravels
and sand with patchy shrubs. The direct solar flux was
measured with an EKO M-52 pyrheliometer. The
global (direct + diffuse) downward and the surface-
reflected solar fluxes were measured with EKO M-42
pyranometers. The diffuse downward solar flux was
also measured with an EKO M-42 pyranometer by in-
troducing a MB-11 light-shading dome to block the
direct solar radiation. Adjustments had been made to
eliminate the effects of the shade on the diffuse radia-
tion. It has been found that the difference between the
global downward solar flux (measured by an EKO
pyranometer) and the sum of the direct and diffuse
solar fluxes (measured by an EKO pyrheliometer and
an EKO pyranometer, respectively) is very small. The
upward and downward surface thermal IR fluxes were
measured with Epply PIR pyrgeometers. These radi-
ometers were calibrated against an Angstrom pyrhe-
liometer, an EKO pyranometer, and an Epply PIR
pyrgeometer, which in turn were calibrated at the Na-
tional Oceanic and Atmospheric Administration
(NOAA) Environmental Research Laboratory (ERL)
according to the World Meteorological Organization
(WMO) region 4 calibration procedures (TMI, No.
67502). The instruments were mounted 1.5-2 m above
the ground. Because the site was selected in a region
with rather uniform surface characteristics, the mea-
sured fluxes can be considered as representative of a
large area surrounding the site.

Calibration of the Angstrom pyrheliometer at ERL
for measuring direct solar flux was made with 20 runs
that contained 420 sets of data. The calibration con-
stant was determined to be 6.23 with an accuracy of
0.1%. This constant is only 0.3% larger than the original
value of 6.21 since its purchase in 1979. Thus, using
this instrument to calibrate other direct solar radi-
ometers is reliable. Calibration of the EKO pyranom-
eter at ERL consisted of three parts, which were the
determinations of the temperature response, the cosine
angular response, and the sensitivity of the radiometer.
The temperature response was performed for the range
from —35° to 43°C, which is expected to be the tem-
perature range at the Huayin site in September. The
temperature response was —0.17% (°C)~!at 25°C and
under the condition that the radiative flux is 600
W m™2, In regard to the cosine angular response, ob-
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servations showed that the standard deviation is 0.0198
for the solar zenith angles from 35.5° to 69.4°. The
relative standard deviation was 0.4%, indicating a very
good cosine response. To determine the sensitivity of
the pyranometer, observations were made for direct
and diffuse fluxes. By comparing the fluxes measured
by the ERL radiometers, the sensitivity was determined
tobe 6.9 X 1073 mV (W m )", For a 10-yr period
since the pyranometer was placed in use, the sensitivity
change was 3%-5%, which is within the range of normal
variations of the instrument. For the pyrgeometers, the
measured longwave fluxes had been adjusted for the
effect of dome temperature according to the guideline
given by Epply. Because the pyrgeometers were exposed
in the field, the difference between the body and dome
temperatures was in the range 1°-2°C, and the flux
adjustment can be made accurately.

Thirty-minute mean fluxes were recorded 24 times
a day on every hour. In China, there are no time zones.
The local standard time of Beijing, which is in the
112.5°-127.5°E time zone, is used throughout the na-
tion. Because Huayin is located at 100°06 “E, the local
mean solar time (LST) is 1.32 [=(120-100.1)/151 h
earlier than the time of the Beijing time zone. For ex-
ample, 30-min mean fluxes were recorded at 1200 of
the Beijing time zone. These fluxes represent the mean
values for the period from 1026 to 1056 Huayin local
time.

The meteorological station nearest to the Huayin
site is located at Zhangye, an oasis about 35 km south-
east of the Huayin site. Here radiosonde and surface
measurements are available. Upper-air temperature
and humidity at 17 standard pressure levels are mea-
sured twice a day at 0641 and 1841 LST, while the
surface measurements of air temperature and humidity
are measured four times a day at 0041, 0641, 1241,
and 1841 LST. These data are assumed to be repre-
sentative of the Huayin site and are interpolated in
time for computing surface fluxes at Huayin.

The NOAA-9 AVHRR Global Area Coverage
{GAC) data are used to infer cloud parameters. The
NOAA-9 satellite passes the Huayin area twice a day
at ~0300 LST (descending node) and ~ 1600 LST
(ascending node). The AVHRR GAC data have a spa-
tial resolution of ~4 km. There are five channels on
the AVHRR; channels 1 and 4 are located, respectively,
in the visible spectral region (centered at 0.65 um) and
the infrared (IR ) window region (centered at 11 um),
where atmospheric absorption is minimal.

After the satellite was launched, there was no mech-
anism to directly calibrate the radiances in the solar
spectral channels (channels 1 and 2 of the AVHRR).
Because the sensors degrade with time, indirect cali-
bration of the radiances is necessary to ensure mean-
ingful interpretation of the satellite data. Holben et al.
(1990) and Kaufman and Holben (1992) developed
an indirect calibration method based on the reflections
over ocean and over desert. They found that the deg-
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radation of the channel 1 sensor response from the
preflight calibration was 0.77 in 1988. The uncertainty
in this degradation factor is 6%. Therefore, in this study,
the radiances of channel | derived from the preflight
calibration are divided by a factor of 0.77 for use in
cloud retrievals.

During the experimental observation period 4-20
September 1988, there are only eight cases when both
satellite and surface data are available and when the
two sets of data are within 1 h of each other. The dates
and hours for the satellite and surface measurements
are given in Tables 1 and 2, respectively.

3. Radiative transfer calculations
a. Solar radiation

The model of Chou (1992) is used to compute sur-
face solar fluxes. The ultraviolet (UV) and visible re-
gion (A < 0.69 um) is grouped into four bands. An
effective coefficient for ozone absorption and an effec-
tive cross section for Rayleigh scattering were computed
for each band. Clouds are assumed to be nonabsorbing
in this spectral region. The reflectivity and transmis-
sivity of an atmospheric layer are computed using the
delta four-stream discrete-ordinate approximation of
Liou et al. (1988). In computing fluxes for a composite
of clear and scattering layers, the two-stream adding
method (cf., Lacis and Hansen 1974) is used.

In the near-IR region (7 > 0.69 um), the parame-
terizations of Chou (1986, 1990) are used to calculate
the absorption of solar radiation by water vapor, O,
and CO,. The spectrum in this region is divided into
seven water vapor absorption bands, and the k-distri-
bution method is applied to individual bands. The
cloud single-scattering albedo is specified for the seven
absorption bands according to the values given in King
etal. (1990). Asin the UV and visible region, scattering
and absorption of solar radiation by cloud layers are
computed using the delta four-stream discrete-ordinate
algorithm, and the two-stream adding method is used
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to compute fluxes for a composite of clear and scat-
tering layers. It is assumed that the ground is Lamber-
tian in both the UV and visible region and the near-
IR region.

Desert dusts could have a significant effect on the
surface radiation, but there is virtually no information
available on the distribution and properties of the dusts
in the Huayin region. In order to investigate the sen-
sitivity of surface fluxes to dust particles, it is necessary
to specify the dust properties in clear-atmosphere sit-
uations.

b. Thermal IR radiation

Calculations of thermal IR fluxes follow the broad-
band transmission parameterizations given in Chou et
al. (1991). These parameterizations are based on line-
by-line calculations of transmission functions. The
thermal IR spectrum is grouped into two water vapor
regions, one CO, band (15 um), one O3 band (9.6
um), and a few regions for N,O and CH,. The two
water vapor regions are noncontiguous; one for band-
center regions and the other for band-wing regions. In
the water vapor, N,O, and CH, bands, the one-param-
eter scaling approximation is applied to take into ac-
count the effect of pressure and temperature variations
along a path. Rather than using the standard conditions
for the scaling, the reference pressures and temperatures
are chosen to correspond to the heights where cooling
is most significant. This choice of the reference pres-
sures and temperatures greatly increases the accuracy
of the parameterization. In the CO, and O; bands, the
two-parameter scaling approximation, which is a vari-
ant of the Curtis—Godson approximation, is applied to
take into account the effect of pressure and temperature
variations along a path. The broadband transmission
functions are computed using look-up tables in the wa-
ter vapor and CO, bands and are computed from an-
alytical functions, which fit to the line-by-line calcu-
lated transmittances, in the O3, N>O, and CH, bands.
Clouds are assumed to be black in the thermal IR re-
gion.

TABLE 1. Date, time, solar zenith angle 6, satellite zenith angle 8, azimuth angle ¢, and other parameters for the eight satellite passes.
Parameters «; and 7 are the NOA4-9 AVHRR channel 1 reflectivity and channel 4 brightness temperature (K), respectively. ., A,,7., and
Pe are the inferred cloud albedo, amount, optical thickness, and cloud-top pressure (mb), respectively. The cloud parameters are derived

using a cloud threshold of 0.35 and a clear-column reflectivity of 0.10.

00 0 ¢ T4 De

Date Local time ®) °) ©) o, (K) o A, T, (mb)

4 September 1608 64.67 47.73 5.89 0.348 279.0 0.416 0.785 1.4 520

5 September 1557 62.91 36.54 6.38 0.241 302.4 0.350 0.554 2.3 530

6 September 1546 61.18 22.42 7.01 0.202 302.8 0.350 0.382 5.5 530

8 September 1524 57.76 12.25 171.92 0.370 257.7 0.477 0.717 10.4 420

9 September 1513 56.13 27.96 170.96 0.181 295.4 0.532 0.188 9.8 620

10 September 1502 54.58 40.43 170.18 0.149 302.4 0.350 0.198 3.0 620
17 September 1526 61.12 10.36 169.55 0.374 268.9 0.504 0.678 13.5 480
19 September 1505 57.96 39.57 168.31 0.697 232.5 0.697 1.000 11.0 340
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TABLE 2. Surface solar and IR flux measuremeants and calculations. The units are degrees for the solar zenith angle 6,, fraction for cloud
amount 4., and watts per square meter for the net downward solar flux S,¢ and the downward IR flux F|.

Soerd Fy
(W m™) (W m™)
bo

Date Local time ©) A, Measurement Calculation Error Measurement Calculation Error

4 September 1641 70.32 0.785 181.8 2159 34.1 358.3 372.3 14.0

5 September 1541 59.42 0.554 358.8 399.0 40.2 349.0 357.0 8.0

6 September 1541 59.58  0.382 378.0 352.8 -25.3 365.0 341.3 —23.7

8 September 1541 59.70  0.717 231.9 236.0 4.1 375.3 356.5 —18.8

9 September 1441 49.84  0.188 503.0 504.1 1.1 357.1 336.9 —20.2

10 September 1441 50.52 0.198 493.3 527.9 34.6 3725 334.7 —-37.8
17 September 1541 62.89 0.678 212.9 208.1 —4.8 316.6 342.3 25.7
19 September 1441 53.56 1.000 261.2 212.0 —49.2 337.3 352.8 15.5

4. Satellite retrievals of cloud parameters

Surface radiation is sensitive to cloud amount, op-
tical thickness, and height. However, our ability to re-
trieve these cloud parameters from the satellite-mea-
sured radiances is rather limited. In cloud retrievals,
an uncertainty of 0.1 in cloud amount, 50% in cloud
optical thickness, and 50 mb in cloud height is probably
not uncommon. According to Chou (1989), these un-
certainties could easily introduce a 50 W m™ error in
the surface solar radiation. Although surface radiation
is sensitive to clouds, Chou (1989, 1991) has shown
that errors induced by the uncertainty in individual
cloud parameters largely offset each other if these cloud
parameters are inferred by a technique consistent with
satellite radiance measurements, that is, if the set of
cloud amount, optical thickness, and height inferred
from satellite data is in error but can produce the same
reflectivity and brightness temperature as measured by
the satellite.

When comparing the computed surface fluxes using
satellite-inferred cloud parameters with the measured
surface fluxes, there are questions concerning the co-
incidence of these two sets of fluxes in terms of time
and space. The time when the satellite passes over the
measurement site is not exactly the time when surface
fluxes are measured. Because of the uncertainty in
navigation, it is difficult to identify the pixels which
are exactly over the measurement site. Even if we could
identify these pixels that are coincident in time and
space with the surface measurements, it is not possible
to retrieve the cloud amount, optical thickness, and
height from only a pair of radiances measured in the
visible- and IR-window channels. Retrieval of cloud
parameters often requires additional information con-
cerning the spatial distribution of these radiances. Be-
cause of these difficulties, we derive the mean cloud
parameters for a 0.25° X 0.25° latitude-longitude re-
gion (=25 X 25 km?) centered at the Huayin site,
instead of estimating the cloud parameters for the site
itself. All satellite pixels within this region that are
nearest to the time of surface measurements are then
used to infer clouds for surface flux calculations.

In this study, the simple threshold method of Chou
(1991) is applied to the AVHRR data for estimating
the cloud amount, optical thickness, and height. In
order to reduce the uncertainty in surface flux calcu-
lations induced by errors in cloud retrievals, a specific
condition is imposed such that the inferred area-av-
eraged cloud parameters are consistent with the satel-
lite-measured area-averaged radiances. Clouds are
usually brighter than the surface, and the presence of
clouds is to enhance the reflection of solar radiation.
The satellite-measured radiances in the visible channel
(channel 1 of AVHRR), where the atmosphere has a
minimal effect on the solar radiation, are used to detect
the presence of clouds. In the cloud scheme, a threshold
oy for the reflectivity in the visible channel is subjec-
tively specified to identify cloudy pixels. If the reflec-
tivity of a pixel is larger than «y,, the pixel is identified
as “cloudy” (totally cloud filled). It should be noticed
that the cloud reflectivity threshold is for identifying
cloudy pixels only. Unlike the commonly used cloud-
no-cloud threshold method, the threshold a4, is not
used for identifying clear pixels. The mean cloudy-col-
umn reflectivity o, of a 0.25° X 0.25° latitude-longi-
tude region is computed by averaging the reflectivities
of all cloudy pixels. It is assumed that the effect of the
atmosphere above clouds on reflectivity is negligible
so that the cloud reflectivity is the same as the cloudy-
column reflectivity «.. The mean cloud optical thick-
ness is then estimated from «,, the solar zenith angle,
and the satellite viewing angles using the algorithm de-
veloped by Nakajima et al. (1990). Cloud reflectivity
is dependent upon the size of cloud droplets. In deriving
the cloud optical thickness from o, the effective radius
of cloud droplets is assumed to be 8§ um.

The mean cloud amount 4. of a 0.25° X 0.25° lat-
itude-longitude region is computed from

(1)

where «; is the satellite-measured reflectivity in the
visible channel (channel 1 of AVHRR) averaged over
the region and «y is the clear-column reflectivity. The
clear-column reflectivity is estimated from the mini-

Ac = (al - aO)(ac - aO)_ls
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mum reflectivities of the Huayin region during the
preliminary experiment period. Similar to (1), the
cloud amount can also be expressed as

Ac= Iy — L)(I. - )™, (2)

where I, Iy, and I, are, respectively, the satellite-mea-
sured, clear-column, and cloudy-column radiances in
the IR-window channel (channel 4 of AVHRR). These
quantities are all averaged over a 0.25° X 0.25° lati-
tude-longitude region centered at the Huayin site. With
A, derived from (1), the cloudy-column radiance is
then derived from (2) and is given by

L= L= (1 - A) ] A", (3)

The clear-column radiance is estimated from the max-
imum radiances of the Huayin region. As in the visible
channel, the effect of the atmosphere above clouds is
assumed to be negligible, and the cloud-top tempera-
ture is set at the cloudy-column temperature derived
from I... The cloud-top height is then estimated to be
at the level where the atmospheric temperature equals
the cloud-top temperature. Since satellite radiance
measurements provide virtually no information on the
cloud-base height, the cloud-base height is computed
by assuming a constant cloud thickness of 50 mb. Er-
rors induced by this assumption are secondary as com-
pared to the uncertainties induced by the cloud
amount, cloud optical thickness, and aerosols.

With the use of (1) and (3), the computed cloud
amount, optical thickness, and temperature (or height)
are consistent with the satellite-measured radiances
averaged over a 0.25° X 0.25° latitude-longitude re-
gion. It is apparent that the estimated cloud parameters
are dependent upon the subjectively specified cloud
threshold ay,. Nevertheless, it has been shown in Chou
(1991) that if oy, is reasonably given, the uncertainty
in the inferred cloud parameters will not significantly
affect the surface radiation calculations.

5. Clear situations

During the preliminary experiment period, the Hu-
ayin area is believed to be free of clouds on a few oc-
casions when satellite data are available. Judging from
the satellite measurements of radiances and the ground
observations of radiative fluxes, the atmosphere is clear
at approximately 1518 LST 5, 6, and 10 September
1988. Figure 2 shows the pixels in the reflectivity-
brightness-temperature domain within a 0.25° X 0.25°
latitude-longitude region centered at Huayin. At these
times, the satellite-measured brightness temperature is
high in the IR-window channel. It ranges from 297 to
308 K. The radiative temperature for bare land, as de-
duced from the upward surface IR fluxes measured at
Huayin, is approximately 310 K at these times. Thus,
the satellite-measured brightness temperature is not
much lower than the surface temperature, indicating
cloud-free conditions. Furthermore, the reflectivity in-
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FIG. 2. The reflectivity in channel 1 and the brightness temperature
in channel 4 of NOA4A4-9 AVHRR for the three clear cases at ap-
proximately 1518 LST.

creases with increasing brightness temperature. Because
the effect of clouds is to enhance the reflectivity but to
reduce the brightness temperature, the reflectivity—
brightness-temperature relationship shown in Fig. 2
suggests that the effect of clouds on the satellite mea-
surements is minimal at these times.

The Huayin area is interposed with tributaries of the
Heihe River with water derived from melting glaciers.
As displayed in Fig. 2, the pixels on the higher-tem-
perature side of the figure reflect bare surface condi-
tions, and those on the other side reflect conditions of
partially vegetated surface or water, which have a lower
reflectivity and temperature than the bare surface. The
satellite-measured reflectivity for the 5 September case
is in the 20%-25% range. The brightness temperature
for this case is not much different from the 6 and 10
September cases, but the reflectivity is higher by ~5%-
10%. This discrepancy could be due to the differences
in the satellite viewing angles and the aerosol loading
in the atmosphere. The large ranges of the clear-column
reflectivity and brightness temperature shown in the
figure indicate the difficulty in determining the surface
properties from satellite radiance measurements in this
arid region.

Of the dates when both satellite and surface mea-
surements are available, 5 September is believed to be
the only near cloud-free day. The net downward
(downward minus reflected) solar flux measured at
Huayin on 5 September is shown in Fig. 3 (solid curve).
The surface radiative fluxes normally fluctuate rapidly
with time when clouds are present. Thus, the smooth
diurnal variation of the surface solar radiation and the
large noontime surface flux indicate a rather cloud-
free day. Using the temperature and humidity infor-
mation interpolated from radiosonde and surface
measurements and assuming a cloud-free atmosphere
and the U.S. Standard Atmosphere ozone profile, fluxes
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FIG. 3. The diurnal variation of the net downward surface solar
fluxes for 5 September 1988. The measured surface flux is shown by
the solid curve. The model calculations with and without aerosols
are shown by the plus--dash and the dot-dash curves, respectively.

are computed from the radiation routine at 1-h inter-
vals. The broadband surface albedos deduced from the
downward and upward fluxes measured at the surface
are used in the radiative transfer calculations. The sur-
face pressure is ~850 mb, and the column-integrated
water vapor amount is in the range 0.82-1.44 g cm™
on 5 September 1988. The model-calculated diurnal
variation of the net downward solar flux is also shown
in Fig. 3 (dot-dash curve). Except in the early morning,
the model-calculated net surface solar flux is system-
atically larger than that of surface measurements. The
overestimation increases from approximately 30
W m™? in the late morning to near 145 W m~2 in the
afternoon.

The computed net downward solar flux is highly
asymmetric about noon. It is smaller in the morning
than in the afternoon. This asymmetric nature is almost
entirely caused by the persistent decrease of surface
albedo from morning to afternoon on 5 September
1988. Figure 4 shows the broadband surface albedo
measured at the Huayin site on this day. The surface
albedo decreases from 0.4 in the early morning to only
0.13 in the late afternoon. Because the measured sur-
face albedo is used in computing surface fluxes, the
computed net downward solar flux is smaller in the
morning than in the afternoon. It is noted that the
measured net downward solar flux is larger in the
morning than in the afternoon.

The discrepancy between the model calculations and
surface measurements could be attributed to a number
of factors: the uncertainties in the radiative transfer
model, the atmospheric water vapor and ozone con-
tents, clouds, aerosols, and measurement errors. The
parameterization for the absorption of solar radiation
by water vapor has been validated against detailed line-
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by-line calculations (Chou 1986). The discrepancy in
the surface radiation between the parameterization and
the line-by-line calculations is only ~1 W m™2. Un-
certainty in the water vapor and ozone contents might
be large, but it cannot explain the large discrepancy
between the measurements and model calculations.
From model calculations, the surface flux decreases by
2-4 W m™2 for an increase of 20% in the water vapor
amount and by 1.5-3 W m™2 for the same percentage
increase in the ozone amount. Clouds could have
caused the large discrepancy in the surface solar fluxes,
but this situation is not likely as judged from the high
brightness temperature shown in Fig. 2. The most likely
reason for the large discrepancy is the exclusion of at-
mospheric aerosols in the model calculations. This view
is substantiated by a systematic reflectivity decrease of
10% from 5 to 10 September, as shown in Fig. 2, despite
the near-constant brightness-temperature range for the
three cases. The persistent decrease of the surface al-
bedo from morning to afternoon as shown in Fig. 4
may also be caused by larger aerosol loading in the
afternoon; the surface albedo is smaller for diffuse ra-
diation than for direction radiation when the solar
zenith angle is large.

In the arid region, the diurnal variation of surface
temperature is large. The measured ground tempera-
ture at Zhangye on 5 September increases from 5.9°C
at 0641 LST to 57.8°C at 1241 LST. It then decreases
to 19.2°C at 1841 LST. The hot surface in the after-
noon enhances the static instability and turbulence in
the boundary layer, and the atmospheric aerosol con-
tent is expected to increase in the afternoon. This is
consistent with the smaller net downward surface solar
flux measured in the afternoon than in the morning,
as shown in Fig. 3. The difficulty in incorporating the
aerosol effect in the radiative transfer calculation is that
there are no aerosol measurements available and that
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FIG. 4. The broadband surface albedo measured
at the Huayin site on 5 September 1988.
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the satellite data do not provide adequate information
for retrieving aerosol parameters. To address this prob-
lem, we must assume a number of different aerosol
properties and compare the calculated fluxes with the
observed fluxes. Plausible aerosol properties that bring
the model-calculated surface fluxes into agreement with
the measured fluxes are then indicated.

Aerosol parameters that affect the surface fluxes are
the optical thickness, single-scattering albedo, and
asymmetry factor. Based on the size distribution of
desert aerosols observed in Senegal, Mali, and Niger
under various weather conditions, D’Almeida (1987)
computed the aerosol single-scattering albedo and
asymmetry factor in the spectral region between 0.3
and 4.0 um. He suggested that the single-scattering al-
bedo be 0.787 in the spectral region 0.3-0.8 um and
0.851 in the spectral region 0.8-4.5 um for computing
the atmospheric solar fluxes. For the asymmetry factor,
the suggested values are 0.774 and 0.853, respectively,
for the two spectral regions. We applied these values
for the aerosol single-scattering albedo and asymmetry
factor, together with the observed humidity profile, to
the radiation routine and computed the surface solar
fluxes every hour. The net downward surface solar
fluxes were made close to the observed values by ad-
justing the aerosol optical thickness. But when we
compared the individual components for surface fluxes,
we found that the diffuse downward solar fluxes com-
puted from the model were much larger (>100 W m™2
in the late afternoon ) than the measurements. The un-
certainty in the ozone and water vapor contents affects
the solar flux calculations only marginally. On the other
hand, the direct and diffuse components of the surface
solar radiation are very sensitive to the aerosol single-
scattering albedo and asymmetry factor. In order for
both the computed direct and diffuse components to
be in agreement with the measurements, the aerosol
single-scattering albedo and asymmetry factor have to
be significantly reduced from the values suggested by
D’Almeida (1987).

Using the refractive indices compiled by Shettle and
Fenn (1979), Tsay et al. (1991) computed the single-
scattering albedo and asymmetry factor for various
aerosol mixtures (water, sulfuric acid, dustlike soot,
and sea salt) under different humidity conditions. The
single-scattering albedo is in the range 0.804-0.904,
which is not much different from that deduced by
D’Almeida (1987). However, the asymmetry factor is
significantly smaller, in the range 0.59-0.73 with a me-
dium value of 0.648. We recomputed the surface solar
fluxes by setting the aerosol asymmetry factor at 0.648
and varying the values of optical thickness and single-
scattering albedo. A good agreement between the com-
puted and measured surface solar fluxes can be ob-
tained by reducing the aerosol single-scattering albedo
to 0.5 and using a time-dependent optical thickness 7
computed from
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7(¢) = 0.03 + 0.02(¢ — 7), (4)
where ¢ is the local hours (¢ = 12 at noon). The plus-
dash curve in Fig. 3 shows the diurnal variation of the
total net downward solar flux at the surface using these
aerosol parameters. Figure 5 shows the direct and dif-
fuse components of the measured (solid curves) and
computed (dashed curve) downward surface solar
fluxes. The agreement between the measured and
computed fluxes is good except for the diffuse com-
ponent during the late-afternoon hours. It should be
noted that the aerosol optical thickness and single-
scattering albedo are purely empirically chosen to bring
the computed fluxes close to the measured fluxes. The
diffuse radiation can be made smaller by further re-
ducing the single-scattering albedo, but there is no ob-
servational evidence that absorption of solar radiation
by desert aerosols is so strong. This heuristic analysis
shows the importance of aerosol in affecting the surface
solar radiation, but the reason for the very strong ab-
sorption of solar radiation in the atmosphere during
the late-afternoon hours still remains unclear. One
plausible explanation for the small diffuse radiation is
the measurement error. The diffuse radiation was
measured with an EKO pyranometer by introducing
a shade to block the direct radiation. Because the direct
radiation is a large quantity, as compared to the diffuse
radiation, a small error in the blocking of the direct
radiation could introduce a significant error in the dif-
fuse radiation.

The downward IR radiation at the surface is strongly
dependent on the near-surface temperature and hu-
midity. Because there are only two radiosonde mea-
surements per day at 0641 and 1841 LST, it is not
possible to have meaningful calculations of diurnal
surface IR radiation. However, additional information
can be derived from the surface measurement of air
temperature and humidity at 0641, 1241, and 1841
LST. Instead of computing the diurnal surface IR ra-
diation for 5 September 1988, we compute the IR fluxes
at 1541 LST 5 and 6 September and at 1441 LST 10
September near the time of the satellite passes. The
upper-air temperature and humidity are taken from
the radiosonde measurement at 1841 LST but are ad-
justed by a factor x;/x,, where x; is the surface air
temperature (or humidity) either at 1441 LST or at
1541 LST interpolated from the values measured at
1241 and 1841 LST and x, is the radiosonde-measured
surface temperature (or humidity) at 1841 LST.

The calculated downward IR fluxes at the surface
for the 5, 6, and 10 September cases are, respectively,
324.35, 325.60, and 334.72 W m~2. These values are
significantly smaller than the measured values, which
are 349.0, 365.0, and 372.47 W m™2, respectively, for
the three cases. In addition to the uncertainties in the
temperature and humidity interpolations, the failure
to include aerosols in the calculations might have con-
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tributed to the underestimation of the downward IR
flux at the surface.

6. General situations

The cloud amount, optical thickness, and height are
computed by giving the cloud threshold ay, and the
clear-column reflectivity «p. Because there are uncer-
tainties in both ¢y, and «y, we have chosen various
values for these reflectivities to study the sensitivity of
surface radiation to these parameters. Analyses of the
AVHRR channel 1 reflectivity for the pixels in the im-
mediate neighborhood of the Huayin site show that
the minimum reflectivity is in the range of 0.10-0.15,
which represents the reflectivity with minimal cloud
and aerosol interference (i.e., clear-column reflectiv-
ity). The values chosen for the study are 0.10 and 0.15
for ap and 0.25 and 0.35 for ay,. The inferred cloud
reflectivity and amount for oy = 0.1 and oy, = 0.35
are given in Table 1 for the eight satellite passes when
surface radiation measurements are available. Also
given in the table are the optical thickness derived from
the cloud reflectivity, the solar zenith angle 6,, the sat-
ellite zenith angle 6, and the azimuth angle ¢. These
cloud parameters are estimated using pixels in the 0.25°
X 0.25° latitude-longitude region centered at the Hu-
ayin site.

A cloud-free atmosphere with significant aerosol
loading is likely to be interpreted as partly cloudy when
using satellite data. The reflectivity of many of the pix-
els for the three “clear” cases (5, 6, and 10 September)
shown in Fig. 2 is greater than the expected clear-col-
umn reflectivity of 0.1. Although aerosols are probably
the most likely factor in enhancing the reflectivity in
these cases, clouds could also have the same effect on
reflectivity. The Huayin region is interpreted as partly
cloudy at those occasions using satellite data. For these
clear cases, none of the pixels has a reflectivity greater
than the cloud threshold of 0.35, and the cloud reflec-
tivity is set to 0.35. Because the reflectivities for the
cases of 5 and 6 September (0.241 and 0.202, respec-
tively) are significantly higher than the assumed clear-
column reflectivity of 0.1, but are not much lower than
the cloud threshold of 0.35, these cases are inferred as
rather cloudy with cloud amounts of 0.554 and 0.382,
respectively, for the two cases.

For the cases of 8, 17, and 19 September, the mean
brightness temperature of the Huayin region is low
(<270 K) but the mean reflectivity is high (>0.37).
These cases can be considered very cloudy. The bright-
ness temperature and reflectivity for the individual
pixels are shown in Fig. 6. The pixels for the other two
cases (4 and 9 September) are shown in Fig. 7. They
are not as cloudy as those shown in Fig. 6. It is noted
that the cloud parameters are inferred assuming no
aerosols in the atmosphere. Therefore, the inferred
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FIG. 5. The diurnal variation of the direct and diffuse downward
solar fluxes at the surface for 5 September 1988. The solid curves are
surface measurements, and the dashed curves are model calculations.

cloud parameters represent not only the actual clouds
but also the aerosols.

Using the inferred cloud parameters, the radiosonde
temperature and humidity profiles, and the U.S. Stan-
dard Atmosphere ozone profile, surface solar and ther-
mal IR fluxes are computed for the eight cases. Because
there are discrepancies between the time of flux mea-
surements and the time of radiosonde measurements,
the temperature and humidity profiles are interpolated
according to the procedures given in the previous sec-
tion. Furthermore, there is discrepancy between the
time of satellite passes and the time of surface mea-
surements, as can be seen in Tables 1 and 2. The solar
zenith angle and the temperature and humidity profiles
used for the flux calculations correspond with the time
of surface radiation measurements. Cloud parameters
used correspond, however, with the time of satellite
passes. If clouds change rapidly during these times, it
might induce a large error in the flux calculations. In
order to reduce the degree of complexity in comparing
the computed and measured fluxes, we have used the
broadband surface reflectivity deduced from surface
flux measurements. In practice, the surface reflectivity
is not exactly known, and it will enhance the uncer-
tainty in flux calculations.

The measured and the computed net downward
surface solar fluxes for the eight cases are given in Table
2. The discrepancy is large for some cases. The mean
error is 4.3 W m~2, and the rms error is 17.4 W m™2.
The discrepancy is believed to be caused primarily by
the time difference between the surface and satellite
measurements and by the uncertainty in cloud re-
trieval.

For the three cases that are believed to be cloud-free,
the net downward surface solar flux is overestimated
in the 5 and 10 September cases but underestimated
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FIG. 6. Same as Fig. 2 except for the three large-cloudiness cases.

in the 6 September case. Compared to the 6 September
case, the mean reflectivity («; in Table 1) of the Huayin
region for the 5 September case is larger (0.241 vs
0.202), but the calculated downward surface solar flux
is also larger (399.0 vs 352.8 W m™2). This discrepancy
1s likely to be caused by the misinterpretation of aero-
sols as clouds. As can be seen in Fig. 2, all the pixel
reflectivities are below the cloud threshold of 0.35, and
the mean cloud reflectivity is set to 0.35. Because of a
larger satellite zenith angle for the 5 September case
than the 6 September case (36.54° vs 22.42°), the in-
ferred cloud optical thickness for the former case is
only half of that for the latter case (2.3 vs 5.5). This
discrepancy is erroneous and is a result of using the
scattering phase function of cloud droplets. Further-
more, the single-scattering albedos are different for
aerosols and for clouds. Errors are induced in the sur-
face radiation calculations when a single-scattering al-
bedo representing cloud droplets is used in dusty at-
mospheres.

For the three cases involving large cloudiness, 8, 17,
and 19 September, the computed surface solar fluxes
are in reasonable agreement with the measured fluxes,
except for the 19 September case. There are several
reasons for the large surface flux error. (a) As can be
seen in Fig. 6, all pixels for the 19 September case have
low brightness temperature (<248 K) and high reflec-
tivity (>47%). The estimated cloud amount is 1.0 and
optical thickness is 11. Because the cloud reflectivity
is not sensitive to the optical thickness for thick clouds,
the error in the cloud optical thickness might be large
for large cloud reflectivity. This could induce large er-
rors in the surface solar flux calculations due to the
uncertainty in the single-scattering albedo. (b) As
judged from the low brightness temperature, the clouds
are believed to be high and are likely to contain ice
particles. The cloud asymmetry factor and single-scat-
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tering albedo used in the flux calculations are typical
for water clouds but not appropriate for ice clouds. (c)
The spatial variability in the cloud properties is large,
as is shown by the large range of reflectivity. Clouds at
the measurement site may not be representative for
the larger 2.5° X 2.5° latitude-longitude region.

The measured and calculated downward IR fluxes
at the surface are also given in Table 2. The rms error
is 22.1 W m™2, but the mean error is only —4.66
W m™2. This error is believed to be caused primarily
by the uncertainty in temperature and humidity inter-
polations. The upward surface IR fluxes are dependent
upon the ground temperature and emissivity. The day-
time ground temperature in the arid Huayin region
could change by >10°C h~! at noontime. Because we
do not have reliable information on the ground tem-
perature and emissivity, the upward IR fluxes are not
computed.

The foregoing results correspond to the use of a cloud
threshold of 0.35 and a clear-column reflectivity of
0.10. We also have computed the surface fluxes using
a cloud threshold of 0.25 and/or a clear-column re-
flectivity of 0.15. It has been found that the surface
solar and IR fluxes computed with the use of a cloud
threshold of 0.25 differ only marginally (<10 W m™2)
with those computed with a cloud threshold of 0.35.
The use of different clear-column reflectivities of 0.1
and 0.15 causes a larger effect. Large discrepancies
(~20 W m~2) are found in relatively clear cases when
the cloudy-column reflectivity is low. It indicates that
the computed cloud amount is sensitive to the clear-
column reflectivity, as can be seen in (1). The assumed
cloud thickness has a small effect on the IR fluxes. The
surface IR fluxes increases by less than 8 W m~2 when
the thickness of a cloud layer increases from 50 to
100 mb.

7. Concluding remarks

We have investigated the uncertainty in estimating
the surface radiation by coupling theoretical radiative
transfer calculations with satellite cloud retrievals. In
the surface radiation calculations, the temperature and
humidity measured in the Huayin region and the cloud
parameters inferred from the radiances measured by
channels 1 and 4 of the NO44-9 AVHRR are used.
Comparisons with the surface measurements of solar
fluxes show that large discrepancy occurs in some cases.
The discrepancy is attributable primarily to the lack
of aerosol information, the uncertainty in the cloud
parameters, the uncertainty in the flux measurements,
and the time difference between the surface and satellite
measurements.

For the clear cases, as identified from satellite re-
flectivity and brightness-temperature measurements,
the computed surface fluxes assuming no aerosols are
significantly larger (>100 W m™?) than the surface
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FiG. 7. Same as Fig. 2 except for the two medium-cloudiness cases.

measurements in the late afternoon. Because the un-
certainty in the atmospheric humidity and ozone con-
tents is not expected to induce such a large difference,
it is concluded that the the exclusion of aerosols in the
flux calculation is the main cause for the large differ-
ence.

In the Huayin area, there is a strong diurnal surface
temperature variation. The temperature is higher by
tens of degrees Celsius in the afternoon than in the
early morning. Therefore, the atmosphere is expected
to be much less stable in the afternoon. This phenom-
enon, plus the fact that the ground has little vegetation
coverage, might lead to a dusty atmosphere in the af-
ternoon. This expectation is consistent with the smaller
solar flux measured in the afternoon than in the morn-
ing in cloud-free situations. Unfortunately, we cannot
substantiate this expectation because of the lack of
aerosol information. The result, however, reemphasizes
the importance of providing aerosol information, either
from surface or satellite measurement, for atmospheric
energy budget and remote sensing studies.

One of the sample cases can be identified as totally
cloudy because of a very low brightness temperature
and high reflectivity. The computed surface solar flux
is significantly smaller than the surface measurements.
The error is believed to be caused by uncertainties in
the inferred cloud optical thickness and prescribed sin-
gle-scattering albedo. The cloud optical thickness is re-
lated to the cloud reflectivity in a highly nonlinear
fashion. For thick clouds, reflectivity is not very sen-
sitive to the optical thickness, and the uncertainty in
the inferred cloud optical thickness could be large.
Furthermore, the single-scattering albedo is prescribed
based on the aircraft measurements of stratocumulus
clouds. Thus, it may not be representative of the clouds
in the Huayin region. For this cloudy case, the inferred
optical thickness is relatively large, and the uncertainty
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in the prescribed single-scattering albedo could induce
a large error in the surface solar flux calculations.

Because of the inadequate information on the cloud
and aerosol parameters, the uncertainty in the com-
puted surface solar flux using a radiative transfer rou-
tine is expected to be large. However, the uncertainty
in the surface solar flux estimation can be reduced by
imposing certain constraints on the radiative transfer
calculations. Instead of computing directly the solar
radiation absorbed at the surface, the partitions of the
solar radiation absorbed in the atmosphere and at the
surface can be more accurately computed from a ra-
diation routine. The surface radiation can then be de-
rived from the satellite-measured fluxes at the top of
the atmosphere, such as the Earth Radiation Budget
Experiment (ERBE) and (Barkstrom et al. 1990), and
from the computed partitions of the solar radiation
absorbed in the atmosphere and at the surface.

For the calculation of surface IR fluxes, the tem-
perature and humidity data available to us are far from
adequate, especially in this arid region where temper-
ature changes rapidly from hour to hour. Nevertheless,
the computed surface IR fluxes compare favorably with
the measured fluxes. More information on temperature
and humidity, as well as dust particles, either from sur-
face measurements or from satellite retrievals, is re-
quired to enhance the accuracy of IR flux calculations.
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